Many extensions of the standard model predict the existence of extra neutral vector bosons, generically referred as Z ′ . This boson may be discovered at the LHC but in this case it will be necessary to study the respective parameters in order to discriminate to which model it belongs to. This is a task for a much clean lepton linear collider as the future ILC. In this paper we develop an exemplary study of the capability of several asymmetries on and off Z ′ peak in discriminating among those extensions with (almost) no ambiguities.
I. INTRODUCTION
Among the most motivated extensions of the standard model (SM) are those in which the gauge symmetries of the model are extended by at least one extra U(1) factor, probably, a remnant of unknown physics at higher energy scales. In fact, these sort of models arise, for example, in grand unified theories inspired, or not, in superstring, left-right models, and supersymmetric models [1, 2] . An interesting feature of these models is the existence of extra neutral vector bosons, generically denoted by Z ′ , which may be manifested at the TeV scale, implying a rich phenomenology in the hadron and future lepton colliders [3] .
These bosons appear also in models of dynamical symmetry breaking, Little Higgs models, models with extra dimensions, or even through the Stueckelberg mechanism which avoids the Higgs mechanism for generating the mass for the Z ′ boson [4] . If they do exist they can be discovered at the LHC but this will only be the first step: next it will be necessary to discriminate the model that better fits all the measured parameters as its mass, its partial and total widths, and its couplings to the known fermions, etc. The detailed study of these properties can be done at a linear collider like the ILC.
Concerning the quantum numbers related to the Abelian factors, the options are numerous but some most motivated ones involve the baryon (B), total lepton (L), or lepton family (L i ), numbers, or combinations of some of them. However, it is still possible that they are related with an exotic charge (X). In particular, it is interesting that the extra local U (1) symmetry is related to B − L since U(1) B−L is an automatic global symmetry of the degrees of freedom of the SM i. e., without right-handed neutrinos and it is also anomalous [5] . It is possible to gauge this symmetry when an appropriate number of right-handed neutrinos is introduced, in order to make this symmetry anomaly free. Moreover, the energy scale in which the new U(1) B−L symmetry is broken is related to the generation of the light neutrino masses through the seesaw mechanism. The simplest way to implement B − L as a gauge symmetry is by adding just an extra U(1) factor, which generator may, or may not, commute with the U(1) Y generators. In the first case, the electric charge operator has also a component on this factor, and in the second one, the electric charge operator is the same as in the SM, i. e., it has no component on the extra U(1) symmetry. We call the former sort of models "flipped", as the models in Ref. [6] , and "secluded" models the latter ones [7] , and an example (nonsupersymmetric) is in Ref. [8] . Although usually this extra symmetry is related to a grand unified theory, from the phenomenological point of view, we can build models in this simplest way, independently of their origin, and study their properties in lepton or hadron colliders.
In general, the masses of the new neutral vector boson must be in the order of few TeV, or be very weakly coupled to the known matter, in order to maintain consistency with the present phenomenology. This boson may be discovered at the LHC, but in order to study its respective parameters a linear leptonic collider, like the proposed ILC [9, 10] , is better suited. Below, we will show that the study of several asymmetries, on-and off-the Z ′ peak, in this type of collider can be used to discriminate among the different models which have this extra neutral vector boson. Among the most studied models in the literature are those based on the E 6 GUT group and left-right symmetry groups [11] , and also those in which an extra U(1) B−L factor is added, as those discussed above.
The outline of this paper is as follows. In Sec. II we give a general discussion of the models whose details are presented in Secs. II A and II B, E 6 and left-right symmetric models are summarized in Sec. II C. Our results and discussions appear in Sec. III, and the conclusions in Sec. IV. Exact analytical expressions for the neutral current coefficients defined in Eq. (1), for the flipped model are given in the Appendix A, while in Appendix B we show the partial decay widths of the neutral vector boson mass eigenstates, denoted by Z 1,2 .
II. THE MODELS
Here we will consider extensions of the electroweak standard model in which there are two U(1) gauge factors, i. e., these models are based on the SU(2) L ⊗ U(1) 1 ⊗ U(1) 2 gauge symmetries. In general, there is a mixing between the two Abelian gauge bosons in the kinetic term and in the mass term [12] ; however, we will work in a basis in which the kinetic term, at the tree level, is already diagonal, and the mixing between the two neutral vector bosons may appear, or not, in the mass term.
Below we will denote Z and Z ′ the symmetry eigenstates, and Z 1 and Z 2 the mass eigenstates. However, if the mixing between Z and Z ′ is small, then Z ≈ Z 1 and
It is possible, as in the secluded pure B − L model that Z 1 ≡ Z and Z 2 ≡ Z ′ . We will parameterize the neutral currents in terms of the mass eigenstate fields as follows [13] :
The couplings of Z 1 with fermions are defined as
where g L and g R are the dimensionless coupling constants of the left-(right-) handed fermions. Similar definitions exist for the f V , f A and f L , f R couplings related to Z 2 .
In this paper we present a detailed study of several asymmetries in models which have an extra neutral vector boson Z ′ in the context of a linear leptonic collider. We show that the measurement of these asymmetries will allow the determination of the parameters related to the extra neutral vector bosons, if they are discovered at LHC, and the possibility to distinguish the models from each other.
The first model is based on the following electroweak gauge symmetry [6] :
where Y ′ is chosen to obtain the hypercharge Y of the standard model, given by
. Thus, in this case, the electric charge operator Q is given by
There are several versions of model depending on the lepton number attributed to the righthanded neutrinos, see Ref. [6] for details. Here we will consider a model in which we add one right-handed neutrino per generation, n αR , α = e, µ, τ , and a complex scalar singlet, φ, to the usual representation content of the SM. The quantum numbers of the degrees of freedom for the model are given in Table I of Ref. [6] . The baryon number assignment is as usual.
The scalar sector consists of a Higgs doublet Φ = (ϕ + ϕ 0 ) T and the singlet φ. The neutral gauge bosons W GeV, and φ = u/ √ 2, the VEV of the neutral scalar singlet, the interesting parts of the covariant derivative are
and we will choose Y 
where we have defined
The exact mass eigenvalues are: zero for the photon field, and
for the two massive vector fields; where we have defined
In the approximationv ≪ 1 the mass eigenvalues are given by
where we have used Eq. (10) below in the first line of Eq. (8) showing explicitly that at the order v 2 /u 2 there is not dependence on g B−L in the lightest neutral vector boson.
The relation among the U(1) charges is
and the electroweak mixing angle is given by
where
, where g Y is the standard model U(1) Y coupling constant, it means that
which implies that
For the eigenvectors, we find that the one corresponding to the zero mass eigenvalue, the photon, is independent of the VEV structure, and is given exactly by:
while for the massive ones, that we will write explicitly only in the case when u ≫ v, the normalized eigenvectors are:
Only in this approximation these eigenvectors are independent of the VEVs.
The neutral current couplings of Z 1,2 with the known fermions are parameterized as in Eq.
(1). The exact coefficients, g i V,A and f i V,A , that are given in Appendix A, were calculated by using the full analytical expressions for Z 1,2 . Below, we shown them in the approximation
The couplings of the neutrinos are
For the case of the charged leptons we have
In the quark sector we obtain, for the u-like quarks
and, for the d-like quarks
We see from Eqs. (15)- (18) that the g V,A couplings are that of the SM, at the tree level, plus corrections that are suppressed by thev 2 factor, i. e., for t ′ and t B−L fixed ifv → 0, g V,A go to the tree level standard model expressions and the couplings f V,A depend only on
The other electroweak model is based on the gauge symmetry
where Y is the weak hypercharge, and Q is given as usual,
In this case the electric charge has no component in U(1) z . Depending on the U(1) z charge of the Higgs scalar we can have several versions of this model [8] . There exist other solutions to the anomaly cancellation equations if a second Higgs doublet is introduced [14] .
The scalar doublet H carries Y = +1, as usual. In addition, the model has a neutral complex scalar singlet ϕ carrying only the U(1) z charge which is equal to +2. We use again
In this model the mass square matrix for the neutral gauge bosons arises from the terms
in the covariant derivatives; we have defined t W = g Y /g and t z = g z /g. Here we will assume z ϕ = 2 and not z ϕ = 1 as in Ref. [8] . We will consider z H = 0 only, since in this case
In this case, the mass square of the two neutral vector bosons are
and g 
Notice that the Z 2 couples universally with all fermions with strength g z since the factor c W /g appears only due to the parametrization in Eq. (1). Notice that when z H = 0, t z is in fact t B−L .
C. E 6 and left-right symmetric models
The other models that we will consider here are those in which the electroweak effective gauge symmetries are SU(2) L ⊗ U(1) Y ⊗ U(1) X and also the left-right symmetric model. In the former models, the charge X is related to a grand unified theory in which the model is embedded, for instance, in E 6 models if the following breaking chain occurs:
with U(1) X = U(1) χ cos β + U(1) ψ sin β, when β = 0, π/2, − arctan( 5/3) we have, respectively, the pure U(1) χ , U(1) ψ and U(1) η model. Next, we consider the effective model based
left-right symmetric model, g L = g R . The respective coefficients f V and f A are shown in Table I [15] . 
III. RESULTS
Here we will compare the models described in Secs. II A, II B and II C by calculating the several asymmetries, defined below, in e + e − → ff processes at the TeV energy scale, i.e., typical energies of the ILC. We also show the prediction of the SM contributions to these asymmetries. The partial decay widths for both Z 1 and Z 2 bosons were calculated, see Appendix B, and the cross sections were obtained by using CompHep 4.5.1 in which the models have been implemented. We will use the masses for the Z 2 given by Eqs. (6) and (22) of the flipped and secluded models, respectively, and choose the value of the parameters for both models in such a way that the masses of Z 2 are the same in the models: i. e., equal to 1 TeV. For the case of E 6 and LR symmetric models the total decay widths were obtained from those of [15] but with a Z 2 mass of 1 TeV.
Concerning the mass of the extra neutral vector boson, here denoted by Z 2 , there are several constraints coming from direct search at hadron colliders as the Tevatron [16] and from the electroweak precision tests at LEP2, and low-energy neutral current experiments [11] .
However, none of them have considered the flipped model. In this model we have not used the Z − Z ′ mixing angle because it is a function of the other parameters of the model and, for this reason, it is not a free parameter anymore. See Appendix A. According to Ref. [11] electroweak precision tests imply a lower limit of 442 GeV on the Z 2 mass while there is no limit coming from Tevatron and LEP2.
The secluded model has universal vector couplings f V , hence Z 2 behaves as a heavy photon. The effective Z 2 interactions that are added to the standard model Lagrangian are of the sort Λ + V V , in the notation of Ref. [17] . For these effective interactions the strongest constraint comes from measurements of e + e − → l − l + above the Z peak at the LEP2 and
where Λ + V V is the energy scale at which new physics would appears having vector couplings to the SM leptons. LEP2 found Λ + V V = 21.7 TeV, see Table 8 .13 of [18] . Then the constraint M 2 /g z > 6 TeV arises [14] . There are also constraints from precision tests using the oblique parameters however they include only the degrees of freedom of the SM [19] . However, in the present models there are also right-handed neutrinos which contributions can enhance or diminish those parameters. Other theoretical analysis consider models like the secluded B−L with three parameters, M 2 , g z , and k, where k denotes a mixing in the kinetic term [20] .
However, we have worked both models in a basis in which the k parameter has been already transformed away. For simplicity, in this work we use Z 2 masses of 1 TeV, just for illustrating the possible behavior of the models when they are compared to each other through the study of several asymmetries. Thus, we will chose the free parameters of the models g ′ , g B−L and the VEV u in the flipped model, and g z and u in the secluded one, in such a way that the Z 2 mass is the same in both models. For the other models we have used the parameters shown in 
A. Decay Widths
The total Z 2 decay width is given by Γ The values of f V,A for the inputs for the flipped and secluded models are shown in Table   II . In both models, as noted in the case of the secluded model in Ref. [22] , the leptonic branching ratios of the Z 2 are greater than those of the Z of the SM (which are about 10%). Table I using β = 0, β = π/2 and β = arctan(− 5/3) for the U(1) χ , U(1) ψ and U(1) η models, respectively, and α LR = √ 2 for the LR symmetric model [15] .
In the B −L flipped model the Z 2 total decay width is larger than in the secluded one. We consider partial decay widths with and without leading QED and QCD corrections i. e., for the case of QED, there is a factor 1 + (3α/4π)(Q f ) 2 for charged fermions, and 1 + α s (M 2 Z )/π (QCD) for the light quarks, in the final states, see Leike in Ref. [3] , but for the top quark we used α s (m 2 t ). No electroweak corrections have been considered, and the asymmetries were calculated in the Born approximation. The evolution of the total decay width of the Z 2 with M 2 , in both models, is shown in Fig. 1 . The total Z 2 decay widths with and without QED and QCD corrections are shown in Table III .
It is well known that in the SM the Z couplings to left-and right-fermions are different and this implies several asymmetries that were measured by LEP and SLD with high precision [23] . The same happens in models with extra electrically neutral vector bosons.
However, the secluded B − L model has a heavy vector boson which couples to fermions only through vector couplings. As we said before, it behaves like a heavy photon, but it also has interference with the photon and Z, and its effects are visible in the asymmetries.
Although we have calculated the asymmetries for all the quarks, we only show in the figures the forward-backward asymmetry for the top quark final states. Before showing the analysis of the asymmetries we consider the cross sections.
B. Cross sections and the number of events
We study the production of the extra neutral gauge bosons Z 2 with mass of 1 TeV in the context of the ILC, which is supposed to start working with an energy of 0.5 TeV and a possible energy upgrade to 1 TeV is being planned. Here we show the cross sections and the number of events only for the flipped and secluded models. This is because the flipped model, as we have considered here, has not been studied in the literature, and the most similar model that has already been well studied is the secluded one. We have imposed cuts: the invariant mass has to be greater than 100 GeV, and the cosine of the angle between the incoming and the outgoing fermions obeys −0.99 < cos θ < 0.99. The ILC combination of high energy and high luminosity per bunch gives rise to beambeam interaction like disruption, beamstrahlung and coherent pair production [24] . We will also try to give an estimation of the beamstrahlung effects, which are the main source of beam related backgrounds. The energy loss due to beamstrahlung is, for the ILC, approximately equivalent to the initial state radiation. Thus, we have to include them in our calculations.
In our simulations, we have considered for each two beams that a bunch has rms dimensions σ y = 5.7 nm high, σ x = 655 nm wide and horizontal beam size σ z = 300 µm, and contains 2 × 10 10 particles according to Ref. [25] .
For all the calculations, we have used the exact neutral current couplings given in Appendix A for the flipped model, and Eq. (23) for the secluded model. We show in Table II their respective numerical values, for the parameters given in Sec. III A. We use kinematic constraints when necessary and we have neglected the mass for all the fermions, except for the top quark, and we have also used the unitary gauge.
The expected integrated luminosity for the ILC in the first four years of running is 500 fb −1 . In our simulations we consider an integrated luminosity of 100 fb
The total cross sections (pb) given in Table IV are shown with and without beamstrahlung corrections (BC). The flipped model if compared to the secluded one has a higher number of events, by a factor 10. We can realize that the beamstrahlung effect decreases the cross section in the region around the Z 2 peak, as we can see from Figs. 2 and 3. We can also see from these figures that the secluded model (mainly without beamstrahlung corrections)
has cross sections near the Z 2 peak, with leptons in the final state, that are larger than the cross section for quarks. However, these features depend on the chosen parameter values. and LR models. We also show the SM contribution.
C. Asymmetries
In this subsection we show the results of several asymmetries for the models considered in the previous section. The considered asymmetries are: the forward-backward, left-right, polarization, mixed left-right-forward-backward, and mixed forward-backward-polarization asymmetries. The cross sections for elementary particles contain terms coming from interactions among all bosons, γ, Z, Z ′ . Thus, we have three terms of resonance and three terms of interference of γ − Z,γ − Z ′ and Z − Z ′ . The behavior of the asymmetries depends on the relative magnitude of these terms, which in turn depend on the energy scale.
The forward-backward asymmetry for the fermions i = e in the final states, is defined as where σ i is the cross section of the process e + e − → f ifi and z = cos θ, where θ is the angle between the arriving electron and the final state fermion. The latter expression defines
The left-right asymmetry is defined as
where e − L(R) denote the left-(right-) handed longitudinally polarized electrons. We are neglecting the lepton masses and assuming 100% of polarization. The latter expressions define
The polarization asymmetry is defined as where now the subscripts refer to the helicities outgoing fermion. It was already measured at LEP [27] , by studying the polarization of the τ + τ − in some decay channels like:
At ILC this asymmetry can be measured also for tt final states in the channels t → bW + → bl + ν l , bud, bcs [28, 29] .
The LRF B asymmetry is defined as
this combined asymmetry can lead to a statistical precision that is equivalent to the unpolarized forward-backward asymmetry, depending on the level of polarization achieved.
There is another mixed asymmetry, the polarized forward-backward double asymmetry, A i F B (pol), which is defined as follows [23] :
where (σ i L ) F denotes the cross section in the forward direction, with the fermion in the final state, f i , left-handed polarized for the e + e − → f ifi process, etc.
D. Discussion
Since we are neglecting the lepton masses, the asymmetries for µ + µ − and τ + τ − are the same, but we have labeled them differently to point out that the forward-backward and left-right asymmetries can be measured by detecting muons, and asymmetries involving polarization can only be measured by detecting the τ decay product polarizations. On the and LR models. We also show the SM contribution. other hand, for observables involving the top quark we take its mass into account. The asymmetries involving polarization in the latter case will be show elsewhere.
The asymmetries that we consider in this work can be used to discriminate some of the models, but in some cases some ambiguities remain. Their behavior depend on the values On the other hand, the B − L secluded model has f A = 0 for all fermions. In Figs. 4-9 we show the asymmetries in the context of the models considered above and in Table V we show their values at the Z 2 peak.
In Fig. 4 we show the forward-backward asymmetry for muons in the final state. The LR and the U(1) ψ models can be easily discriminated from the other ones: U(1) χ , U(1) η , secluded, and flipped models, and we also note that both of them present a similar behavior.
The same asymmetry with the top quark in the final state, see The left-right asymmetry is shown in Figs. 6. We see from that figure that the flipped and the U(1) χ models have similar behavior and, that the secluded, U(1) ψ , and LR models are difficult to discriminate even from the SM contribution. The U(1) η has a different behavior.
For √ s > 800 GeV it can be distinguished from the other models.
For the polarization asymmetry, see Fig. 7 , we have only considered massless fermions and, because of the universality of the coupling constants, this asymmetry is just the leftright asymmetry with a minus sign when the final states are leptons.
The LRF B asymmetry is shown in Fig. 8 . The qualitative behavior of this asymmetry is similar to the behavior of polarization asymmetry in Fig. 7 however, the respective values for the LRF B asymmetry are smaller than those of the polarization asymmetry in Fig. 7 .
On the peak the LRF B asymmetry is equal to (3/4)A P ol .
Next, we analyze the forward-backward polarized asymmetry that is shown in Fig. 9 .
From it we see that the flipped and the U(1) χ models can be discriminated from the U(1) η but the other models present signal almost equal of that of the SM. This asymmetry gives the same information of left-right asymmetry and considering absolute values we can also say that it also gives the same information of polarization and LRF B mixed asymmetry.
Finally, in Table V we show the values of the asymmetries at the Z 2 peak. If the measured values are compatible with zero, they will be in favor of the secluded, U(1) ψ and LR models.
For any values different from zero, the models flipped, the U(1) χ or the U(1) η will be favored.
Some of the asymmetries considered above were also studied as functions of M 2 in
Ref. [30] .
IV. CONCLUSIONS
If a new neutral vector boson exists with a mass of the order of TeVs it could be discovered at the LHC. If this happens, the next task will be to measure its parameters, i. e., its mass, spin, couplings to fermions, etc. Some of these parameters may be obtained by measuring asymmetries like those considered in this paper, on or/and off peak. Different models will have different behavior for these asymmetries, at least in some range of √ s. In this paper we have shown that this, in fact, happens with the models we have considered above. Our main results are the calculation of cross sections, decay widths and asymmetries in the Born approximation for the flipped and secluded models. The asymmetries, have also been calculated in E 6 inspired and left-right symmetric models. The flipped and secluded considered here have at least an extra heavy scalar and three right-handed heavy neutrinos, and the LR model has besides the right-handed neutrinos, several scalar fields. Hence, in these models these degrees of freedom have to be taken into account when calculating the respective radiative corrections. However, the extra parameters in the models are not known at present and thus it is not worth carrying out those calculations. Notwithstanding, some corrections are more general like those of QED and QCD, which in these models are the same of the SM, and we have taken them into account. On the other hand, it is always
important to know what is the value of a given observable in a particular model, at least at the tree level. Only then can we appreciate the importance of the radiative corrections.
As we said before, the flipped model as we have considered here has not been studied in the literature; thus, we have given more details and have compared it with a model which is very similar with it: the secluded model. Both models have similar quantum numbers and degrees of freedom. In particular we note that the secluded model near the Z 2 peak has cross sections σ(e − e + → ff ) for charged leptons larger than the cross section for quarks.
The Z 2 decay widths are very different in each model and are larger in the flipped one. For asymmetries it is not necessary to be at the Z 2 peak, here at 1000 GeV. The presence of a heavy Z 2 may be detected well before the peak, allowing also the discrimination of each model.
The couplings of the neutrinos are:
For the case of the charged leptons:
In the quark sector we obtain, for the u-like quarks:
and, for the d-like quarks:
Where we have defined: 
Recall that only for the t quark, the fermion mass was taken into account in (B1)-(B3).
Finally, in the flipped model the Z 1,2 (p)W + (k + )W − (k − ) vertices are given by
with all momenta incoming and where we have defined
with X defined in Eq. (A5) and we have defined
where A, B were defined in Eq. (7) and X in (A5 Finally, the Higgs vertices are the same as in Ref. [31] .
